This paper deals with the influence of the manufacturing process on the microscopic fracture behaviour of axisymmetric notched specimens of pearlitic steels with different degrees of cold drawing. To this end, samples from different steps of the manufacturing chain were obtained, from the initial hot rolled material (not cold draw at all) to the final prestressing steel (heavily cold drawn). A detailed fractographic analysis was performed by using scanning electron microscopy and image analysis techniques, in order to define and measure the fracture process zone in each case (final aim of this paper). Results show that the microscopic fracture modes range from ductile micro-void coalescence to brittle cleavage, depending on the stress triaxiality generated in the vicinity of the notch tip. A special fibrous region was detected, which allows a definition of the fracture process zone as the central region of the fractured area in bluntly notched samples and the external ring (i.e., the notch tip) in sharply notched specimens.
Introduction
Cold drawn eutectoid steels are structural materials of the greatest interest in civil engineering because they are frequently used in the form of wires and cables in prestressed concrete which usually works under very high stress levels and surrounded by harsh environments. The manufacturing process consists of cold drawing a previously hot rolled bar in order to increase the yield strength by means of a strain hardening mechanism.
Such a heavy drawing (with its associated plastic deformation) produces important microstructural changes in the steels [1] [2] [3] [4] [5] [6] [7] [8] [9] so that their macroscopic characteristics are seriously affected. As the final aim of manufacturing, classical mechanical properties such as the yield strength and the ultimate tensile strength are improved with cold drawing. [10] [11] [12] [13] [14] [15] In addition, microstructural changes also affect (in a less clear manner) the fracture behaviour in air 16) and in aggressive environments, 17) and key consequences are far from being totally understood.
This paper analyses the fracture micromechanisms in notched samples of progressively drawn pearlitic steels, in order to elucidate the microscopic topographies and the fracture process zone (FPZ), i.e., the area in which fracture initiates, in the different materials under several stress triaxiality conditions provided by notches of very distinct geometries.
Experimental Programme

Materials and Effect of Cold Drawing
The materials used in this research were steels with seven different levels of cold drawing from a hot rolled bar (not cold drawn at all) to the commercial prestressing steel wire (heavily cold drawn). The chemical compositions-common to the seven steels-are given in Table 1 . The name of each steel indicates the number of cold drawing steps, as given in Table 2 , together with the diameter (D i ) of each wire and the mechanical properties of the different steels. Figure 1(a) gives a plot of the stress-strain curves of the steels (experimentally measured by means of standard tension tests), showing a clear improvement of traditional mechanical properties as a consequence of the manufacturing process by cold drawing.
The microstructure of the steels is also affected by cold drawing in the form of progressive orientation in a direction quasi-parallel to the wires axis or cold drawing direction, as shown in the scanning electron micrographs of Fig. 1(b) (steel 0 or hot rolled bar which is not cold drawn at all) and Fig. 1 (c) (steel 6 or prestressing steel wire which has undergone six steps of cold drawing). The latter shows that the pearlitic lamellae are markedly oriented in the drawing direction (vertical side of the micrographs).
Notched Specimens
Axisymmetric notched specimens with a circumferentially-shaped notch were used in the experiments. Four notch geometries were used with each material, in order to achieve very different stress states in the vicinity of the notch tip and thus very distinct constraint situations, thus allowing an analysis of the influence of such factors on the micromechanical fracture processes. The dimensions of the specimens named A, B, C and D throughout this paper were the following: where R is the notch radius, A the notch depth and D the external diameter of the axisymmetric specimen. These four notched geometries are depicted in Fig. 2. 
Fracture Tests
Three fracture tests were performed for each material and geometry (thus a total number of 84 tests were performed: seven materials, four notched geometries and three tests of each) recording continuously the load and the relative displacement between two points distant 25 mm. Thus the extensometer gage length is common for all the experiments, in spite of the fact that the wire diameter changes with the level of cold drawing (cf. Table 2 ). As a consequence, the displacement recorded by the extensometer is not proportional to the notch geometry. This problem will be corrected before the process for obtaining dimensionless variables in the next section of this paper. All the tests were performed under displacement control, so as to allow a complete recording of the load-displacement plot up to final failure, even in the case of ductile behaviour with prolonged decrease in load for increasing displacement.
Experimental Results
Experimental results of the tests performed with the four notched samples are given in of the specimens, the first symbol (the digit) indicates the steel (number of cold drawing steps) whereas the second symbol (the letter) denotes the notch geometry (A, B, C or D). The plots are represented using dimensionless variables F* and u* defined as: ( 2 ) where F is the load applied on the sample during the fracture test, s 02 is the yield strength of each material (given in Table 2 ), S the area of the net transversal section in the notched specimens, u the displacement recorded by the extensometer (corrected to obtain a constant ratio between the measurement distance and the different diameters of the steel wires) and d the minimum diameter of the notched samples (that associated with the net-or minimum-transversal section: Sϭpd 2 /4). The procedure for obtaining dimensionless variables makes the curves fit into the same experimental bands with the exceptions of steels 0 and 6 due to the fact that their stress strain curves (cf. Fig. 1(a) ) have a shape which is slightly different from the others. Therefore, no significant differences between the analysed steels are observed in the matter of the general aspect (increasing or decreasing slope) of the load-displacement (F*-u*) curves. Such a shape is dependent only of the notch geometry, i.e., of the stress triaxiality (or mechanical constraint), but not on the particular constitutive behaviour of each steel given in Fig.  1(a) .
Geometries A and B (sharp notch) present a macroscopically brittle fracture behaviour (with no evidence of load decrease), while in geometries C and D (blunt notch) the fracture behaviour is ductile, associated with a clear decrease in load in the F-u curves. The most brittle fracture behaviour (in macroscopic terms) is that of geometry B which has the highest level of constraint (i.e., maximum stress triaxiality).
Fractographic Analysis
A fractographic study by scanning electron microscopy (SEM) was performed on the fracture surfaces after the tests. The general aspect of the main fractographs is shown in Figs. 4 to 7 . Micro-fracture maps (MFMs) were assem- bled covering all the fractured area in order to perform a quantitative study by means of image analysis techniques. The magnification of the MFMs ranged from a minimum of ϫ30 and a maximum of ϫ80.
As a general trend (Figs. 4 to 7) , the fracture behaviour is isotropic in slightly drawn wires (steels 0-3) and anisotropic in heavily drawn wires (steels 4-6), the latter case with deflections in the fracture path in the form of fracture propagation steps at an angle of 90°from the initial fracture propagation path in mode I, the deflected path being thus quasi-parallel to the wire axis or cold drawing direction. This behaviour is produced by the intense microstructural orientation after cold drawing (cf. Fig. 1(c) ). The exceptions to this general trend are the notched specimens of geometry D in which the anisotropic fracture behaviour does not manifest itself as a global deflection (propagation step) but in the form of local deflection embryos which do not become a macroscopic propagation step, thus producing a fractographic appearance with mesoscopic irregularity, cf. Fig. 7 for specimen 6D.
Another aspect which can be distinguished by simple visual inspection is the presence of a shear lip in the vicinity of the notch tip, very clear in notched geometries C and D, specially in the latter. In the geometries A and B the shear lip is smaller, specially in the former ones. In the whole fracture area, the shear lip has a circumferential ring shape, i.e., it occupies in general the total periphery of the circle marking the notch tip in the axisymmetric samples, cf. Figs. 6 and 7. At the microscopic level, such a external ring is constituted by micro-void coalescence (MVC).
According to previous reasoning and from the microscopic point of view, geometries C and D with the biggest notch radius behave in a more ductile manner than geometries A and B, which is consistent with their macroscopic behaviour (load-displacement plots) described in the previous section of the paper, and the load decrease is associated with the more ductile behaviour in the bluntly notched geometries.
The sharply notched geometries A and B exhibit a clearly brittle behaviour and a fracture surface topography in which cleavage predominates in both cases (Figs. 4 and 5 ). However, a difference can be detected between the surface notch (geometry A) and the deep notch (geometry B): a single cleavage initiation is observed in sample 0A (origin at the right hand side and propagation from right to left following the long arrows in Fig. 4 ) and multiple cleavage origins are observed in specimen 0B (cf. short arrows in Fig.  5 ).
In addition, it should be noticed that geometries C and D (Figs. 6 and 7) exhibit a central fracture area with fibrous aspect and different colour and texture than those of the rest of the fracture area. Fracture probably initiates in such a central core with fibrous appearance, from which radial marks start towards the sample surface (notch tip), thus indicating the fracture propagation direction from the nucleus to the periphery. The microscopic appearance of the radial fracture area is that of a cleavage-like (C) topography.
Therefore, three different fracture regions may be distinguished: (i) an external ring formed by MVC which appears in all geometries; (ii) an intermediate zone, also detectable in all geometries, in which the presence of cleavage (C) is predominant, the size of this zone being smaller as the degree of cold drawing in the steel increases; (iii) a central fibrous zone which appears only in geometries C and D as a consequence of the very intense plastic deformation.
The MFMs were digitalized to perform a detailed study by means of an image analysis program. The following items were measured: the final area of the fracture surface (S F ), the area of the external ring by MVC (S MVC ), the area of the central fibrous region (S FIB ) in the case of geometries C and D, and the maximum, minimum and average values of the depth of the external MVC ring (x max , x min and x m respectively), as shown in the sketch of Fig. 8 . Figure 9 shows the average depth x m of the external MVC ring. A general increasing trend with the degree of cold drawing is observed in slightly drawn steels, and this trend is changed in heavily drawn steels (from the fourth drawing stage) when the strength anisotropy appears in the form of fracture propagation step, thus causing a decrease of the external ring depth.
The afore-said fact of increasing MVC size for higher degrees of cold drawing is consistent with previous research 16) on precracked samples of the same pearlitic steel wires in which the amount of MVC area also increased with the cold drawing level in slightly drawn steels, probably as a consequence of the decrease of pearlite interlamellar spacing with cold drawing which enhances microvoid growth initiation by a Miller-Smith mechanism 18) of shear cracking in pearlite with fracture of cementite lamellae after shear strain of ferrite. Figure 10 plots, as a percentage of the whole fracture area or cross section, the central fibrous area S FIB (%) and its radius measured from the specimen centre r FIB (%) in the case of geometries C and D which are the only ones which exhibit such a fibrous fracture region. Whereas specimens C show a more or less constant trend with cold drawing and lower values than samples D, the latter exhibit a decreasing trend with cold drawing.
Fracture Process Zone
The final aim of this paper is the establishment of the fracture process zone (FPZ) in the notched samples of progressively drawn steels. To this end, a clarification is performed in this section of the specific features of the distinct MVC areas for the different triaxiality levels generated by the notches.
As mentioned above in general terms, the specimens with blunt notch (geometries C and D) exhibit a central fracture area of fibrous aspect, detectable by simple visual inspection (cf. Figs 6 and 7) . At a higher magnification, the microscopic appearance of such a zone is shown in Fig. 11 . This fibrous area is formed mainly by MVC with some isolated cleavage regions which can also be detected. Such a special feature (with bigger micro-voids and a more fibrous aspect than the conventional MVC topography) will be named MVC* throughout this paper, and it can be consid- ered as the FPZ in notched geometries C and D, since fracture initiates in that fibrous MVC* region and propagates in unstable manner and radial direction by cleavage (C) towards the periphery of the specimens, as sketched in Fig.  12 .
With regard to the sharp notch specimens A and B, the FPZ must be located in the external ring, i.e., in the vicinity of the notch tip (due to the very high stress triaxiality levels there), and specifically in a region of the same in which the fractographic appearance is also MVC* (similarly to blunt notched geometries C and D, since the fracture initiation micromechanisms should be dependent only on the specific steel and not on the particular notched geometry). To check this item, a very detailed SEM fractographic analysis was performed on samples A and B to find out whether or not such a MVC* topography could be observed anywhere. The analysis was successful, and thus some local MVC* regions were detected, as shown in Fig. 13 in the specimen 3A. This MVC* region in samples of geometry A really resembles those for samples of geometries C and D (cf. Fig.  11 ) and it is clearly different from the rest of the external ring which fails by conventional MVC, as shown in Fig. 14 (in the MVC* area the micro-voids are bigger and the aspect more fibrous than in the conventional MVC topography). Thus the local MVC* region is the FPZ, associated with fracture initiation, in samples A and B, while the standard MVC ring is the final fracture area in those geometries, in the same manner as the cup and cone fracture type in a conventional tension test with smooth specimens. Figure 15 shows a sketch of the fracture process (initiation and propagation) in specimens A and B. The FPZ is bigger in samples with notch geometry A than in those with notch geometry B, due to the higher triaxiality level in the latter. Thus the higher the maximum stress triaxiality created by the notch, the lower the depth of the FPZ in the vicinity of the notch tip. The more elevated stress triaxiality in geometry B also explains why in this case there are several initiation sites for fracture (multiple cleavage origins) at a certain distance from the notch tip, in contrast with the single cleavage origin in geometry A. These features can even be observed at low magnification levels (cf. Figs. 4 and 5) , as described in previous section.
Conclusions
The fracture micromechanisms in notched samples of progressively drawn steels were analysed in this paper. The two predominant fractographic modes were ductile microvoid coalescence (MVC) and brittle cleavage. The locations and proportions of both topographies depend on the stress triaxiality (constraint) generated by the notch and on the degree of cold drawing of each steel.
Micro-fracture maps (MFMs) were assembled to cover the whole fractured area and to perform a quantitative evaluation of the fractographic modes by means of image analysis techniques. As a general trend, the fracture behaviour becomes progressively more ductile (a higher proportion of the MVC mode) as the degree of cold drawing increases, but this trend is interrupted when the anisotropic fracture behaviour (with deflection in the fracture path) appears in the most heavily drawn steels.
Notched geometries A and B exhibit peripheral fracture initiation from an external MVC ring (at local areas with special MVC*) and cleavage propagation towards the inner points, whereas notched geometries C and D show a central fracture initiation (fibrous zone formed by MVC*), radial cleavage propagation towards the periphery and final cup and cone fracture in the external ring.
Both the external ring in geometries A and B and the fracture core and the external ring in geometries C and D are constituted by MVC fractography, but the general features of the topography and the size of micro-voids is different from one to another. The micro-voids are bigger and the aspect more fibrous (MVC*) in the core of samples C and D and in local areas of the external ring in specimens A and B.
The above considerations allow a definition of the area in which fracture initiates or fracture process zone (FPZ) as the external ring by MVC (with local areas by MVC*) in sharp notch geometries A and B which exhibit brittle fracture behaviour, or as the central fibrous region (exclusively formed by MVC*) in blunt notch specimens C and D which show ductile fracture behaviour.
